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Slope failures caused by rainfall on weathered granite are common occurrences in many parts of the world and it is more severe in Japan where there are
a signiﬁcant number of slopes susceptible to failure. At present, about 31,987 natural, and valley slopes are found to be susceptible to landslide disasters in
Hiroshima Prefecture, the highest number of any prefecture in Japan. In Hiroshima Prefecture, the prefectural land is divided into 350 units of 5 km2, and
the hazard of each unit was assessed based on the rainfall data and past records of failures. However, the existing hazard assessment system was found not
to be adequate of making better predictions of individual failures in the region, and moreover the system was developed without carrying out any reliable
slope stability analyses. In this study, an attempt has been made to understand the mechanism of individual slope failure through seepage analyses and
stability analyses. A series of laboratory model tests were conducted to develop the relationships among volumetric water content, degree of saturation,
suction, and coefﬁcient of hydraulic conductivity under unsaturated conditions. Field investigation and laboratory tests were conducted based on the four
valleys which were identiﬁed as potentially hazardous zones in Higashi-Hiroshima city in Hiroshima Prefecture. Graphical relationships were developed
among the volumetric water content, suction, rainfall intensity, coefﬁcient of hydraulic conductivity, and degree of saturation for Masado soils. Based on
the relationships developed, suction was calculated along the soil proﬁle of natural valleys with the lapse of time. Thus, shear strength parameters were
determined based on the degree of saturation calculated from the data of volumetric water contents. The stability analyses revealed that the factor of safety
gradually decreases with the formation of High Moisture Content Belt (HMCB) and drastically reduces with the formation of the water table. The
susceptibility of failure for each of the four valleys is given based on the hazard assessment system, and is compared and discussed.
& 2014 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Hiroshima Prefecture is located in the middle of western
Japan and 2.85 million people are living in an area of
8477 km2, about 75% of which is hilly and mountainous.
Hiroshima Prefecture has 31,987 hazardous areas for landslideElsevier B.V. All rights reserved.
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Japan (Hiroshima Prefecture, 2014). Geologically, most part of
Hiroshima is covered with heavily weathered granite, locally
called “Masado”. Masado proﬁles exhibit erratic weather
front with varying material spatially due to the differential
weathering patterns over the years (Nishida, 1981). From a
geotechnical point of view, the failures of natural slopes are
mainly caused due to the rise of groundwater level and the loss
of inbound shear strength of soils due to the intensive seasonal
rainfalls. The average annual precipitation in Hiroshima is
1538 mm, and the average monthly precipitation in the months
of June and July are 247 mm and 259 mm, respectively
(Aboshhi and Sokobiki, 1972; Murata and Yasufka, 1987).
Japan has sustained many recurring disasters in granitic areas
following heavy rains, resulting in a total of nearly 1500
casualties over the last 70 years, including 20 in Hiroshima in
1999 and 11 in Yamaguchi in 2009 (Chigira et al., 2011).
There are records available of landslide disasters due to rainfall
effects on Masado soils in some part of Malaysia, the United
States of America, Thailand, China, South Korea, Hong Kong
and India (Chigira et al., 2011; Philip, 1977; Phien-Wej et al.,
1993; Zhang et al., 2000; Lin et al., 2011; Kim et al., 2011;
Jiao and Malone, 2000; Muhammad and Mohd, 2012).
Recently, the monitoring of natural slopes for the purpose of
disaster prevention has been studied intensively (Jeng and Lin,
2011; Rahardjo et al., 2011; Huang et al., 2012). Over the
years, considerable attempts have been made by researchers
elsewhere in the world to examine the mechanism of failure
in natural Masado slopes by examining its properties under
different conditions. However, due to the complexity of its
nature in analyzing slopes on Masado soils, one has yet to ﬁnd
a better methodology to analyze natural Masado slopes. DueFig. 1. Structure of the present risk assessmto the risks these slopes present, the urgency of extensively
examining the cause and remedial measure for these failures
through proper hazard assessment system is very clear.
The presently available hazard assessment system, which
was developed by prefectural government of Hiroshima, Japan,
is shown in Fig. 1 (Hiroshima Prefecture, 2014). This regional
hazard assessment system utilized by Hiroshima Prefecture
government is entirely based on the measured rainfall and the
rainfall–failure relationship in each 5 km 5 km area obtained
from the past records of landslide disasters (Kusano et al.,
2007). In this system, the failure of slope/s and evacuation
orders is given for an area of 5 km 5 km, and the hazard of
individual slope cannot be predicted. Accordingly, it can be
said that the present hazard assessment is empirical, and is not
adequate for more accurate assessment of slopes as it does not
consider the geotechnical inputs in analyzing the slopes.
Moreover, it is the shear strength parameters, cohesion, and
internal angle of friction that must be considered under
different conditions such as variation of degrees of saturation
and suction under different rainfall intensities, unsaturated
ﬂow, development of water table, etc. which need to be taken
into account. Therefore, the authors have taken initiatives to
enhance the present hazard assessment for a better under-
standing of slope failures in the region by examining the
individual slopes. The proposed enhancement is given in Fig. 1
with the presently available hazard assessment system.
One of the challenges in analyzing the slopes is to evaluate
the in situ shear strength parameters spatially of the natural
slopes with gradients of more than 251. This has been
successfully overcome by Tsuchida et al. (2011) who developed
a methodology to evaluate the shear strength parameters by
means of cone resistance data by recently developedent system and proposed enhancement.
T. Tsuchida et al. / Soils and Foundations 54 (2014) 806–819808Lightweight dynamic cone penetrometer under different degrees
of saturation. In this study, laboratory model tests were
conducted to establish the relationships with suction and
volumetric water content under different rainfall conditions.
Also, geotechnical investigations of four natural valleys in
Higashi Hiroshima City were carried out using a lightweight
dynamic cone penetration test and soil samples were collected to
ﬁnd their physical properties. 1D seepage analyses and stability
analyses were carried out to examine the variation of factor of
safety during the rainfall and even after the rainfall ceased. The
primary objective in this study was to develop a more accurate
methodology of analyzing the slopes for introducing it to the
present hazard assessment system. This was achieved through
the development of relationships with the variation of volu-
metric water content with suction, time under different rainfall
conditions, and time taken to initialize the water table. Also, a
factor of safety was calculated before, during and even after the
different rainfall conditions. Finally, natural valleys were
assessed based on the hazard assessment developed. This
research is promising for applications in analyzing the Masado
slopes more accurately as the emphasis was given to analyzing
the slopes with the consideration of seepage analyses with
spatially varying shear strength properties. As a whole, the ﬁnal
outcome of the research may facilitate socioeconomic beneﬁts to
the community in the Hiroshima Prefecture.2. Conceptual seepage model
The ﬂow through unsaturated soils depends on a number of
intrinsic and extrinsic factors. The main intrinsic factors are the
water retention characteristics and hydraulic gradient of soils.
The main external factors are the climatic conditions, such as
rainfall intensity and duration, rainfall pattern and evapotran-
spiration (Tony et al., 2004). The proposed model for the
inﬁltration and seepage of rainwater used for this study is
shown in Fig. 2. This model is appropriate for the coarse
grained soils where the saturated permeability is higher thanRain
Impermeable 
layer
HMCB
Rain
Impermeable 
layer
Fig. 2. Conceptual diagram othe rainfall intensity. Masado soils are coarse grained soils
with relatively high permeability. When it rains and the rainfall
begins to inﬁltrate the ground, the volumetric moisture content
of the upper soil layer rises to a certain value θh from the
surface layer. Afterwards, the unsaturated layer keeps the
volumetric water content θh and descends toward the layer
underneath. This unsaturated layer is called the High Moisture
Content Belt (HMCB). The underground water table is formed
in the soil layer when the HMCB reaches the impermeable
layer, and the groundwater level starts to gradually rise from
the impermeable layer upward, as shown in Fig. 2. In this
model, the process of the inﬁltration of rainwater in to the
ground is assumed to be one-dimensional and the two-
dimensional water ﬂow is considered after the formation of
the groundwater table. In fact, the process of the inﬁltration is
also two-dimensional, but the movement of water is retained in
the soil by the suction, the assumption of one-dimensional
movement seems to be permissible. In order to examine the
seepage effects and variations of properties, such as suction,
volumetric water content, and coefﬁcient of permeability
during the inﬁltration of rainwater, laboratory model tests
were conducted on Masado soils under different rainfall
conditions. The results are described in subsequent sections.2.1. Richards equation for seepage analyses
To analyze the seepage ﬂow through unsaturated soils, a
primitive equation developed by (Richards, 1931) was used.
The governing equation for 1D seepage analysis in unsaturated
soils is given in Eq. (1) (Richards, 1931). The approximation
to this formula was used to analyze the seepage in this study.
CðψÞ ∂ψ
∂t
þ ∂
∂z
kðψÞ ∂ðψþzÞ
∂z
 
¼ 0 ð1Þ
where ψ¼pressure head (cmH2O), CðψÞ¼speciﬁc moisture
capacity, and kðψÞ¼hydraulic conductivity (cm/s). The rainfallRain Rain
Impermeable 
layer
Impermeable 
layer
Water Table Rises 
f seepage under rainfall.
Fig. 4. Rise of water table with increment of time.
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given in Eq. (2).
R¼ q¼ KðψÞ ∂ψ
∂z
þ1
 
ð2Þ
where R¼amount of rainfall, and q¼ﬂow velocity on the
surface.
The change of suction, negative pressure head, with time is
calculated from the approximation solution of Equation (1) and
substitute it to the VG model for the determination of
volumetric water content. The volumetric water content is
needed for the calculation of degree of saturation in which both
vary with the time. Knowing the degree of saturation, it is
possible to determine the shear strength parameters and hence
calculate the values of factor of safety.
2.2. Development of groundwater-table
In the event of rainfall, a portion of rainwater evaporates
from the surface of ground, and some water is also intercepted
by objects such as trees and grass. The rainwater that inﬁltrates
the ground forms a high moisture content belt (HMCB) and
descends from the surface to the bottom as shown in Fig. 3.
With the elapse of time, the HMCB reaches the basement
impermeable layer, and thereafter the water table begins to
develop from the impermeable layer. The water table rises
with time as the rainwater inﬁltrates the ground and ﬂows
downward due to gravity: this is referred to as “ground water
ﬂow”. In order to examine the water table increase after the
HMCB reaches the impermeable layer, an analytical model
was developed based on Fig. 4. According to Kondo (1998),
the average rate of evapotranspiration in Japan ranges from 1.4
to 2.7 mm/day. However, as the stability of natural slopes in
the season of heavy rainfall in this study, it is assumed that the
amount of evapotranspiration and that intercepted by trees and
grass is small compared with the amount of rainfall inﬁltration
into the ground, and hence it is neglected. Also, it is assumed
that no runoff could take place as in the situations where the
permeability of the soil is higher than or equal to the rainfallh
HMCB
H
Impermeable layer
α
Fig. 3. Formation of high moisture cointensity. Based on the assumptions, the following formulas
were derived.
The rainwater inﬁltrate into the ground Rinput can be written as
Rinput ¼GwþGwout ð3Þ
where Gw¼amount of rainfall inﬁltrated and stored in the layer,
and Gwout¼net amount of rainwater ﬂowing out due to the
groundwater ﬂow.
Water inﬁltrate in time Δt (h) in the slope section OA of
Fig. 4 can be written as
Rinput;Δt ¼ r  s1 cos α Δt ð4Þ
where r¼ rainfall intensity (mm/h), and s1¼slope length from
the ridge to the point a (m).
The amount of rainwater saved as underground water in the
slope section OA in Δt, Gw,Δt, is
Gw;Δt ¼ 12 neðh
t
w1þΔhw1Þs1 cos α
1
2
neh
t
w1s1 cos α ð5Þ
where ne¼effective porosity, htw1¼groundwater level at point
a in t (m), and Δhw1¼htþΔtw1 htw1¼groundwater level rise at
point a in Δt (m).
In addition, the amount of water ﬂows from the slope
section OA in Δt, Gwout,Δt, can be written as
Gwout;Δt ¼ kt sin αUhtw1 cos αUΔt ð6Þh
H
Impermeable layer
α
ntent belt and rise of water table.
Table 1
Properties of grain size distribution curve and saturated densities.
Masado soil 1 Masado soil 2
D60 (mm) 0.795 0.965
D50 (mm) 0.409 0.685
D30 (mm) 0.185 0.290
D10(mm) 0.018 0.020
Coefﬁcient of uniformity, Cu 43.65 48.73
Coefﬁcient of curvature, Cc 2.355 4.407
Saturated density, ρs (g/cm
3) 2.671 2.665
T. Tsuchida et al. / Soils and Foundations 54 (2014) 806–819810where kt¼hydraulic conductivity of the soil at time t. Eq. (6) is
based on Darcy's law where sin α refers to the hydraulic
gradient while htw1 cos α is the area in which water seeps
through the soils. Effective porosity can be presented in terms
of volumetric water content as ne ¼ θsθh.
By substituting Eqs. (4)–(7) into Eq. (3), the following can
be obtained:
htþΔtw1 ¼
2ðrUs1kt sin αUhtw1ÞUΔt
s1ðθsθhÞ
þhtw1 ð7Þ
where htþΔtw1 ¼groundwater level of Point a in tþΔt (m),
θs¼saturated volumetric water content and θh¼volumetric
water content at high moisture content belt (HMCB)
For the section AB, rainfall inﬁltrate into the ground in time
Δt, Rinput,Δt can be written as
Rinput;Δt ¼ r  s2 cos β  Δt ð8Þ
The amount of water stored in the ground in the slope
section AB in Δt, Gw,Δt, is given as
Gw;Δt ¼
1
2
neðhtw2þΔhw2þhtw1þΔhw1Þs2
cos β 1
2
neðhtw2htw1Þs2 cos β ð9Þ
The amount of water ﬂowing out from the section AB in
time Δt, Gwout,Δt is presented as
Gwout;Δt ¼ kt sin βUhtw2 cos βUΔtk sin αUhtw1 cos α Δt
ð10Þ
Considering Rinput, Gw and Gwout in the slope section AB in
a similar manner, the rise of water table at point b can be
written as follows:
htþΔtw2 ¼
frUs2 cos βkðhtw2 sin βU cos βþhtw1 sin αU cos αÞgUΔt
s2ðθsθhÞ cos β
þhtw2þhtw1htþΔtw1 ð11Þ
where htþΔtw2 ¼groundwater level of Point b in tþΔt (m),
htw2¼groundwater level of Point b in t (m), and s2¼slope
length (m). From Eqs. (7) and (11), it is possible to calculate
the groundwater table for a given time.Fig. 5. Conﬁguration3. Laboratory experimental setup for Masado soils
A series of laboratory model tests were conducted on
Masado soils in order to examine the variation of volumetric
water content and suction under different rainfall conditions
along the soil column as shown in Fig. 5. The whole purpose
in this piece of study was to develop the soil water character-
istic curve for the Masado soils experimentally. For this
purpose, two samples of Masado soils were used: their grain
size distribution and saturated densities are shown in Table 1.
The soil column was ﬁlled and compacted, while keeping the
void ratio to 0.80, up to 40 cm and two tensiometers were
instrumented at 5 cm and 15 cm from the top of the column as
shown in Fig. 5. Time Domain Reﬂectrometry (TDR) was
inserted into the soil column to measure the volumetric water
content at 5 cm and 15 cm from the top of the soil column.
Volumetric water content and suction were measured at 5 cm
and 15 cm depths under the rainfall intensities of 5 mm/h,
20 mm/h and 50 mm/h or drainage from the bottom after the
rainfall with the lapses of time. During the wetting–drying
tests, the volume change within the column was not measured,
but as the supply and the drainage of water were controlled and
slow, no volume change was observed when comparing the
photos of the column before and after the test.
3.1. Data analysis and results of the soil column tests
Data gathered form TDR and Tensiometers with the lapse of
time with varying rainfall intensities were analyzed to examine
the possible relationships with volumetric water content, suction,of the model test.
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T. Tsuchida et al. / Soils and Foundations 54 (2014) 806–819 811hydraulic conductivity, and degree of saturation. Fig. 6 shows the
variation of volumetric water content with elapsed time after the
beginning of the 20 mm/h rainfall. It can be seen that both soils
showed approximately the same residual volumetric water content
before the test begins and also after the test was completed. With
the inﬁltration of rainfall into the soil, the volumetric water content
converges to a value 0.43 irrespective of the depth. This
volumetric water content is equivalent to the saturated volumetric
water content of the Masado soil. Fig. 7 shows the change of
suction with time for the two soils experimented. The suction
decreases drastically with the inﬁltration of rainwater into the soil
and dissipates to almost zero with time and the rise of the water
table. The model tests were extended to measure the volumetric
water and suction even after the cease of rainfall and are illustrated
graphically. Figs. 8 and 9 show the variation in suction with
volumetric water content with the inﬁltration of rainwater (wetting)
and drained condition (drying, drainage at the bottom) at 5 cm and
15 cm, respectively. It can be seen that in both cases, i.e. the
5 cm and 15 cm cases, suction decreases with the inﬁltration of
rainwater, and once it has ceased, the suction increases with time
and reaches its initial value. It is well known that the drying curve
(the drying process after rainfall) is outside the wetting curve (the
wetting process by rainfall), because of the rain drop effect, which
is also referred to as the ink bottle effect (Bear, 1979). However, at
a depth of 5 cm, the drying curve is inside the wetting curve, and
at a depth of 15 cm, both the drying and wetting curves follow the
same path. Thi et al. (2003) also showed that the drying curve was
inside the wetting curve in in-situ water retention curves measured
in the natural Masado slopes. The reason for the difference on the
hysteresis curve was not known, but it was sometimes observed in
Masado soils. However, in other soils such as Guelph loam (Van0.0 
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Fig. 7. Variation of suction with lapses of time for rainfall intensity of 20 mm/h.genuchten, 1980) the wetting curve overlies the drying curve. A
similar pattern of soil water characteristic curves was observed for
different soil types and are available in the literature (e.g. Fredlund
et al., 1994; Tsai, 2011; Pham et al., 2003).
The coefﬁcient of hydraulic conductivity is not a constant
value for unsaturated soils and depends on the volumetric water
content and suction of soils. From the data of volumetric water
content with the lapse of time, the coefﬁcient of hydraulic
conductivity was calculated in drained conditions, and is pre-
sented in Fig. 10. It is clear that the coefﬁcient of permeability
increases with increases in the volumetric water content. This can
be explained simply as follows: the passage through which the
water moves through the soil pores is higher as the saturation
increases in the soil.
3.2. Comparison of the experimental data with the VG model
The variation of suction and volumetric water content of
unsaturated soils is given by Van Genuchten (1980) as follows:
Se ¼
θθr
θsθr
¼ f1þjαψ jngm ð12Þ
where Se is dimensionless volumetric water content or relative
degree of saturation, θ is volumetric water content, θs is saturated
volumetric water content, and θr is residual volumetric water
content. Ψ is the head and α, n, and m¼ (11/n) are parameters of
the soil which can be found experimentally. The values of α, n, and
m for Masado soils were .04, 3.1, and 0.67, respectively, which
were determined by laboratory data shown in Figs. 6–10. Using
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T. Tsuchida et al. / Soils and Foundations 54 (2014) 806–819812these values, volumetric water contents were calculated using the
VG model and are compared with the experimental data obtained
from the laboratory soil column tests. Fig. 11 shows the measured
and calculated values of volumetric water contents.
It was observed that the measured values tally well with those
calculated from the VG model proposed by Van Genuchten
(1980).
The unsaturated hydraulic conductivity can be found from
the equation developed by Van Genuchten (1980) as shown in
Eq. (13). The measured saturated permeability was .006 cm/s.
kθ
ks
¼ S1=2e ½1ð1Se1=mÞm2 ð13Þ
where ks is the saturated hydraulic conductivity which can be
obtained from the laboratory test, and kθ is the unsaturated
hydraulic conductivity.
These ﬁndings for Masado soils were used to analyze the
valley slopes in Higashi Hiroshima and are discussed in the
following sections.Saizyocho-Sukeza
Fig. 12. Selection of valleys in and around Higashi-Hiroshima city.4. Site investigation
4.1. Geology and topography of the area
Past reviewed literature revealed that the slopes of the study
area, Hiroshima, are basically composed of two layers; the
top layer has silty sand with a considerable amounts of gravel,
up to about 2 m depth and weathered granite thereafter(Dissanayake, 2002; Thi et al., 2002, 2005). Geologically,
the area is underlined by highly fractured granitic rocks
overlain by weathered remnants. Granitic rocks contain several
minerals: some of them are changed to other minerals through
weathering and some of them remain unchanged. Due to
abundant precipitation and adverse settings of granite rock
structures in the area, weathering has taken place over the
years, and has resulted in the formation of in-situ weathered
soils called “Masado”. The product of kaolin due to the
weathering process of Feldspar dominated the cohesion of
Masado soils, and more or less, the friction angle is governed
by the content of quartz presented in the Masado soils. The
topography of Hiroshima prefecture is predominantly moun-
tainous and the lands in the region are from 200 m to 500 m
above the mean sea level. The geographical location of the
area produces an abundance of precipitation, which provides
plentiful groundwater supplies to the hillsides. As a result,
landslides are an important aspect of the geomorphologic
development of the mountainous region.
4.2. Selection of natural valleys
As stated earlier, Hiroshima prefecture has the highest
number of slopes susceptible to failure: among them 9964
are found to be natural valleys. In the selection of valleys for
this study, we focused on the large number of potentially
hazardous valleys in Higashi-Hiroshima city. Fig. 12 shows
the four selected valleys included in the same 5 km 5 km
regional mesh for the present hazard assessment based on
the rainfall index proposed by the Prefectural government of
Hiroshima. This aim of this study is to further examine
those valleys individually by incorporating hydrological and
geotechnical data in the stability analyses.
4.3. Field investigation of individual slopes
A geotechnical investigation of the four valleys was carried
out as described below.(1). In each valley slope, the headwater area was determined
through topographical maps and ﬁeld visits. About six
geotechnical investigation points were selected in the
Table
Num
LWD
Soils
T. Tsuchida et al. / Soils and Foundations 54 (2014) 806–819 813headwater area, and along the valley the geotechnical
testing points were selected at intervals of 20 m,
downward.(2). Lightweight Dynamic Cone Penetration tests (LWDPTs)
were conducted both sides from the center axis of the
valley. Three tests were conducted at a point and the
average was taken to analyze the shear strength
parameters.(3). The sampling was carried out at both sides of valleys in
four investigation points. Table 2 provides a summary of
the number of tests and sampling carried out at each site.Fig. 13 illustrates randomly selected penetrograms for three
points b, c, and i along the valley 1. At point b, the cone
resistance qd is about 1.5 MPa up to 1.3 m and thereafter a
higher value indicates the hard stratum, and moreover indicates
the bed rock. Although points b and c are 20 m apart, the hard
stratum was found to be 0.6 m at point c while that of point b
is 1.3 m. This is due to the erratic weathering front of granitic
rocks. Point i near the foot of the valley shows highly varying
cone resistance due to the differential weathering, which is a
major feature in the weathering of granitic proﬁles. Therefore,
the site investigation reveals that the weathering thickness
varies along the proﬁle. The thickness of the soil proﬁle was
estimated by analyzing the penetration resistance of each
geotechnical investigation point. The cross section of slopes
was made using the estimated thickness of the surface soil
layer and the slope gradients and is shown in Fig. 14. The
average values of the slope gradients of Valley 1, Valley 2,2
ber of tests and sampling carried out at each site.
Valley 1 Valley 2 Valley 3 Valley 4
CPTs 9 4 7 7
samples 4 4 4 4
Valley 1 point b  Valley
0
0.5
1
1.5
2
2.5
3
0 2 4 6 8 10 12
D
ep
th
 (m
) 
Cone resistance (MPa) 
b-test-1
b-test-2
b-test-3
0
0.5
1
1.5
2
2.5
3
0 2 4
D
ep
th
 (m
) 
Cone resis
Fig. 13. Cone resistantants wValley 3, and Valley 4 were 14.41, 16.31 16.11, and 18.11,
respectively. It seems that the thickness of soil layers in all
valleys varies from 0.4 m to 2.22 m and the gradient varies
from 101 to 251.4.4. Analysis of ﬁeld data to determine the shear strength
parameters
Laboratory tests were conducted on the samples collected at
each site to evaluate the void ratio, degree of saturation, and
the unit weight of the soil. The results of the laboratory tests
are shown in Table 3. The average cone resistance was
calculated from the three soundings of each point of the
valley. This data was used to calculate the shear strength
parameters of the soil. For this purpose, the relationship
developed by Tsuchida et al., 2011 was used as shown in
Eqs. (14) and (15):
ϕd ¼ 29:9þ1:61 lnðqd5Þþ0:142Sr ð14Þ
Cd ¼ 10:6þ1:19 lnðqd5Þ0:014Sr ð15Þ
where qd5 is the cone resistance for 5 kPa overburden stress
and can be found from Eq. (16):
qd5 ¼ qd0:01 ðγt:z5Þ ð16Þ
where qd is the cone resistance obtained by Light weight
dynamic cone penetrometer (LWDCPT). More information
about LWDCPT and derivation of formulas can be found in
Langton (1999), Tsuchida et al. (2011), Athapaththu et al.
(2006, 2007). Note that qd in MPa, γt, unit weight of soil, in
kN/m3 and z, is the depth in which cone resistance measure in
meters. Tables 4 and 5 summarize the cohesion and internal
angle of friction obtained from the above formulas at different
points of each valley. With these results, cohesions were
estimated to be between 8.2 kN/m2 and 11.2 kN/m2, and the
internal friction angles were between 29.61 and 36.41. 1 point c Valley 1 point i
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5.1. Seepage analysis of natural valley slopes and rise of
groundwater table
A one-dimensional seepage analysis was carried out for each
valley for different rainfall intensities. Suction was calculated
by Richards' formula shown in Eq. (1) for different time
intervals along the soil proﬁle. The volumetric moisture
content was then calculated by applying the obtained suction
values from the VG model developed for Masado soils. The
parameters required to calculate the volumetric water content
were determined by the experiments; that is, the saturated
volumetric moisture content was 0.433, the residual volumetric
moisture content was 0.158, the saturated hydraulic conduc-
tivity was 0.006 cm/s and the initial volumetric moisture
content was 0.300.
Richard's Eq. (1) is transformed as follows:
ψ tþ1i ¼
Ai
BiCiEi1
 
ψ tþ1iþ1þ
DiþCiFi
BiCiEi1
 
ð17Þ
where
Ai ¼
Kðψ2Þ
2Δz
 
; Bi ¼
Cðψ3ÞΔz
Δt
þ Kðψ2ÞþKðψ1Þ
2Δz
 
Ci ¼
Kðψ1Þ
2Δz
 
;Di ¼ ðKðψ2ÞKðψ1ÞÞþ
Kðψ2Þ
2Δz
 
ψ tiþ1
þ Cðψ3ÞΔz
Δt
 Kðψ2ÞþKðψ1Þ
2Δz
 
ψ tiþ
Kðψ1Þ
2Δz
 
ψ ti1
Ei ¼
Ai
BiCiEi1
 
; Fi ¼
DiþCiFi1
BiCiEi1
 
Cðψ3Þ ¼ CðψÞtiþ 12 ¼
CðψÞtiþ1þCðψÞti
2
; Kðψ2Þ
¼KðψÞtiþ 12 ¼
KðψÞtiþ1þKðψÞti
2
The water head can be calculated from Eq. (17) after the
determination of parameters Ai to Fi. The boundary condition,
as deﬁned in Eq. (2), was used.
An example of the one-dimensional seepage analysis at
Point b in Valley 1 under a rain intensity of 5 mm/h and
20 mm/h, respectively, is shown in Fig. 15(a) and (b). As
shown in Fig. 15(a), HMCB is formed from the surface, and
goes downwards. After 14.1 h, the HMCB comes into contact
with the impermeable layer, and after the saturated layer is
formed at the bottom after 21.15 h, the groundwater level rises.
Further analyses were conducted based on the Richard and
VG models, and a relationship was found between the
formations of groundwater level with different thicknesses of
soil layers under different rainfall conditions, as shown in
Fig. 16. The greater the thickness of the soil layer, the more the
time it takes for the groundwater table to form. Moreover, the
time taken to develop the water table is higher during periods
of high intensity rainfall. The relationships between the
volumetric water content at HMCB, the degree of saturation
and rainfall intensities are presented in Fig. 17. The volumetricwater content at HMCB and the degree of saturation increased
with the rainfall intensity. Fig. 18 shows the relationship
between the unsaturated permeability at HMCB and rainfall
intensity. It was observed that the unsaturated permeability at
the HMCB is closely tied to the rainfall intensity. One of the
assumptions made by the authors, i.e. that no runoff takes
place as all water inﬁltrates the ground, was justiﬁed in the
ﬁnding that the rainfall intensity was equal to the unsaturated
permeability, as shown in Fig. 18. From Figs. 17 and 18, it is
known that the HMCB is formed when the inﬂow due to the
inﬁltration of rainfall is balanced with the outﬂow due to the
unsaturated permeability of soil determined by the degree of
saturation.
In order to determine the rise of the water table with time
after the formation of the HMCB, Eqs. (7) and (11), which
were presented earlier, were used. Fig. 19 shows the rise in the
groundwater table after the HMCB reached the bottom of the
layer, at different points in Valley 1 under different rainfall
conditions: 5 mm/h, 20 mm/h and 50 mm/h. The elapsed time
here refers to the time after the formation of the HWCB. As
shown in Fig. 19, an almost linear increase in the groundwater
level was observed with time under the constant rainfall
intensity, and it can be seen that the rise of water table is
faster with higher rainfall intensity, and the higher water
content of the HMCB. In some of the tested locations, the
groundwater level did not rise linearly with time. This is due to
the changes of slope gradient and length.5.2. Stability analysis of valley Slopes
In order to examine the stability of the selected valleys, 2D
stability analyses were carried out. Shear strength parameters
required for the stability analyses were calculated from
Eqs. (14)–(16) under different saturation conditions. Tables 4
and 5 summarize the shear strength parameters at the initial
condition: these were used for analyzing the slopes at its initial
saturation portions accordingly. The shear strength parameters
of the HMCB were determined from the same equations listed
above. The degree of saturation in the HMCB was determined
by determining the suction from the seepage analyses using
Richard's equation, and thereby the volumetric water content
by the VG model. The shear strength parameters at the
saturation condition were also derived from Eqs. (14) and
(15). The stability analyses were conducted depending on the
saturation condition of the slope. The factor of safety during
the development of HMCB was determined from the following
equation:
Fs ¼
cd0þfγtðHhtÞþγtðHMCBÞhðHMCBÞg cos 2β tan ϕd
fγtðHhtÞþγtðHMCBÞhðHMCBÞg cos β sin β
ð18Þ
where cd0 is the cohesion of soil in its initial site condition, ϕd0
is the internal angle of friction in its initial site condition, γt is
bulk unit weight of soil, γt(HMCB) is unit weight of soil at
HMCB, H is the total thickness of the soil layer and h(HMCB) is
the height of the HMCB layer shown in Fig. 3(a). The above
Eq. (18) deduces the following forms with the reaching of the
Fig. 14. Cross section of valleys. (a) Valley 1, (b) valley 2, (c) valley 3 and (d) valley 4.
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Table 3
Physical properties of soils in each valley.
Valley 1 Valley 2 Valley 3 Valley 4
Void ratio e 1.22 1.31 1.29 1.33
Saturated density ρs (g/cm
3) 2.57 2.54 2.68 2.66
Degree of saturation, Sr (%) 33.6 25.0 16.9 35.7
Bulk unit weight ρt (kN/m
3) 13.2 12.5 12.5 13.2
Table 4
Variation of cohesion at each point of each valley (kN/m2).
a b c d e f g h i
Valley 1 9.4 8.5 9.2 9.6 8.9 9.8 9.0 9.4 8.8
Valley 2 9.6 9.3 9.3 10.1
Valley 3 9.5 11.2 9.9 8.2 9.1 9.8 10.3
Valley 4 9.6 9.2 9.2 10.2 9.2 9.6 9.6
Table 5
Variation of Internal angle of friction in each point of valley (1).
a b c d e f g h i
Valley 1 34.9 33.7 34.6 35.1 34.2 35.5 34.4 34.9 34.0
Valley 2 33.5 29.6 29.5 30.6
Valley 3 31.8 34.1 32.3 30.0 31.3 32.2 32.8
Valley 4 35.6 35.1 35.1 36.4 35.1 35.6 35.7
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Hence, the safety was determined from the following equation:
Fs ¼
cdðHMCBÞ þγtðHMCBÞH cos 2β tan ϕd
γtðHMCBÞ cos β sin β
ð19Þwhere cd(HMCB) is the cohesion of soil in the HMCB. The
factor of safety was calculated from Eq. (20) in cases where the
water table rises, as shown in Fig. 3(b).
Fs ¼
cdðsatÞ þfγðHMCBÞðHhwÞþðγsatγwÞhwg cos 2β tan ϕd
fγðHMCBÞðHhwÞþγsathwg cos β sin β
ð20Þ
Here cd(sat) is the cohesion of soil in the saturated condition, hw
refers to the height of water table from the impermeable layer as
shown in Fig. 3(b). γsat and γw refers to the unit weight of saturated
soil and unit weight of water, respectively. hw can be found from
Eqs. (7) or (11) or directly from the graphs developed; for example
hw for valley 1 under different rainfall conditions is shown in
Fig. 19. Slope stability analyses were conducted under different
Fig. 19. Groundwater level with the lapse of time after HMCB reaches the
bottom of layer (Valley 1). (a) 5 mm/h, (b) 20 mm/h and (c) 50 mm/h.
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50 mm/h. Fig. 20 shows the results of the slope stability analysis
with the lapse of time in Valley 1. It is shown that the factor of
safety decreases with the formation of the HMCB and thereafter
drastically reduces with the initiation of the water table. It was
found that the factor of safety is less than one at points f and h and
hence the possibility of failure at the site is great if the rain
continues for more than 30 h with a rainfall intensity of 5 mm/h
and 2.5 h if the rainfall is 50 mm/h.
5.3. Development of hazard assessment system
A hazard assessment of the 4 valleys was carried out as per
the following procedure:1) Criteria 1: the time to achieve the factor of safety less than oneThe time to achieve a factor of safety of less than one, t.(r),
was calculated for each rainfall intensity r. For the critical time
tcri. of each valley, a geometric mean of t(5), t(20) and t(50) was
used. The valley of the maximum value of tcri. was given score
of 1 and the valley of minimum value of tcri. was given a score
of 5. The scores of the other two valleys were given by the
following:
ðScore of Critieria 1Þ ¼ 1þ4 tcri:ðmaxÞ  tcri
tcri:ðmaxÞ tcri:ðminÞ
 
ð21Þ2) Criteria 2: the area of the slope that the safety factor become
less than one
The area of the slope where the safety factor becomes
less than one l (r, Train) was calculated for each rainfall
intensity r and the duration time Train (h). In this case, 48,
10 and 5 h were used as Train for the rainfall intensity of 5,
20 and 50 mm/h, respectively. For the critical length lcri.of
each valley, the arithmetic average of l (5, 48), l(20,10) and
l(50,5) was used. The valley of the maximum value of lcri.
Table 6
Results of the risk assessment of valleys.
Valley 1 Valley 2 Valley 3 Valley 4
Maximum slope gradient (1) 18.6 25.7 20.0 19.5
Average thickness (m) 0.5 0.9 0.5 1.1
Time that the safety factor becomes less than 1.0 for rainfall intensity of 5.0 mm/h (h) 25.2 25.1 19.0 47.2
Time that the safety factor becomes less than 1.0 for rainfall intensity of 20.0 mm/h (h) 5.2 7.7 5.2 12.2
Time that the safety factor becomes less than 1.0 for rainfall intensity of 50.0 mm/h (h) 2.3 3.7 2.4 5.7
Critical time, tcrt (h) 6.7 8.9 6.2 14.9
Hazard assessment criteria 1 Time that the safety factor becomes less than 1.0 (on a scale of 1–5) 4.8 3.7 5.0 1.0
Area of the slope where the safety factor becomes less than 1.0 after 48 hours rainfall of 5.0 mm/h (m) 81 10 66 29
Area of the slope where the safety factor becomes less than 1.0 after 10 hours rainfall of 20.0 mm/h (m) 6 4 57 0
Area of the slope where the safety factor becomes less than 1.0 after 5 hours rainfall of 50.0 mm/h (m) 5 4 33 0
Critical length, lcrt (m) 36 6 52 10
Hazard assessment criteria 2 Area of the slope that the safety factor becomes less than 1.0 (on a scale of 1 to 5) 3.1 1.0 5.0 1.3
Total hazard assessment (on a scale of 1 to 10) 7.9 4.7 10.0 2.3
T. Tsuchida et al. / Soils and Foundations 54 (2014) 806–819818was given score 1 and the valley of minimum value of lcri.
was given score 5. The scores of the other two valleys were
given by Eq. (22) as
ðScore of Critieria 2Þ ¼ 1þ4 lcri:ðmaxÞ lcri
lcri:ðmaxÞ  lcri:ðminÞ
 
ð22Þ
The hazard level of each valley is presented in Table 6. It has
been found that Valley 3 is the most risky situation and requires
urgent attention. To estimate the risk of the valleys, the land use of
those valleys in and around them should be taken into considera-
tion as well as the geotechnical analysis. Downstream from the
four valleys in this study, there were houses: in valleys 1, 2, 3 and
4 were 2, 19, 15, and 15, respectively. Accordingly, considering
the land use, the highest priority for special care to be taken is
clearly Valley 3. In the present Hiroshima prefecture method, the
prefectural government judges the hazardous level from the
rainfall data in each 5 km 5 km block and the announcements,
such as the evacuation recommendation or evacuation order, are
made to all the people in the area. However, the actual situation is
that not so many people evacuate since the recommendation or
order is not made directly to those most in danger. The proposed
method can be applied to improve the present method.
To apply the method of this study to the practice of risk
assessment of a large number of natural valleys and slopes, a
system capable of considering both the geotechnical inputs and
the land use is necessary.
For this purpose, the authors suggest reinvestigating the
surroundings of slopes and valleys that have been identiﬁed as
potentially dangerous slopes by the Hiroshima prefectural
government to gather information on the population, and the
number of houses that may be inﬂuenced by the anticipated
slope failures. Once this information is ready, the priority of
the commencement of investigation on slopes/valleys can be
determined based on the impact to the community and
property. An important point is how to collect the information
of individual slopes as the number of susceptible slopes/
valleys is very high indeed (as quoted in the introduction).
The proposed method requires a day to investigate and carry
out site tests for a given site (either slope or a valley). Further,the investigation procedure is easy and can be taught to
volunteers who wish to join investigation teams. In Higashi-
Hiroshima city in 2011, six volunteers joined the site inves-
tigation process with the cooperation of Hiroshima University
(Hanaoka et al., 2013). Practical experience has shown that the
proposed method can be put in to practice with the assistance
of volunteers in the areas where the slopes/valleys were found
to be susceptible to failure.
6. Conclusions
In this study, the hazard of an individual slope was studied
through hydrological and geotechnical parameters in order to gain
a better understanding of the mechanism of rain-induced slope
failures under different situations; during the formation of the high
moisture content band, the HMCB, during the forming of water
table under number of rainfall patterns in Hiroshima prefecture,
Japan. The analysis was carried out by the data collected from past
literature, the outputs of various laboratory experiments, seepage
analyses, and ﬁeld observations made in natural valleys of Masado
soils. In the stability of slopes, the effect of the variation of degree
of saturation for shear strength parameters, formation of HMCB
and the water table were considered and discussed. The following
conclusions can be drawn from this study:1. From the laboratory model tests that were conducted in a soil
column, volumetric water content was found to converge to a
constant value: to a saturated volumetric water content of 0.43.
This value is required for the analysis of volumetric water
content within the slope for a given time and rainfall condition.2. A characteristic soil water curve for Masado soils was
developed based on the results of laboratory experiments which
was in good agreement with the VG model for the parameters
m¼0.67, n¼3.1 and α¼0.04. This curve needs to be
considered in the transient ﬂow analysis of unsaturated soils.3. 1D seepage analyses were carried out using Richard's formula
for different depths in the slope under different rainfall
conditions. It was found that volumetric water content con-
verges to a particular value irrespective of depth due to the
formation of the HMCB. It was found that the unsaturated
T. Tsuchida et al. / Soils and Foundations 54 (2014) 806–819 819hydraulic conductivity in the HMCB closely tallies with rainfall
intensity, and that the HMCB is formed when the inﬂow due to
the inﬁltration of rainfall is balanced with the outﬂow due to the
unsaturated permeability of soil determined by the degree of
saturation. These relationships require the analysis of the
stability of slopes in unsaturated ﬂow conditions.4. A series of in-situ geotechnical investigation of four potentially
dangerous valleys in Higashi -Hiroshima City were carried out
using LWDCPT. The models of the valleys for the geotechnical
analysis were constructed by the investigation results. The
groundwater seepage analysis based on a 1D seepage analysis
and the slope stability analyses when the rainfall intensities were
5, 20, and 50 mm/h were carried out. The safety factors are
found to be dependent on the amount of rainfall which
inﬁltrates the unsaturated soil. The factor of safety gradually
decreases with the development of the HMCB and thereafter
drastically reduces with the development of the water table.
The higher the rainfall inﬁltration, the lower the factor of safety.
The higher factor of safety during the formation of HMCB may
be due to the high suction within the slope.5. Finally, the risk of slope failure was determined through the
hazard assessment system proposed, which is based on the time
required for the factor of safety to reach less than 1 and the area
affected. Valley 3 was found to be in the most perilous situation
among the four valleys analyzed. To apply the method used in
this study to the practice of hazard assessment of a large
number of natural valleys and slopes, a system which considers
both the geotechnical inputs and the land use is required.References
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